ABSTRACT. The endothelial NO synthase (eNOS) enzyme is expressed during the early stages of cardiogenesis and plays an important role in normal heart development. Genetic variations of eNOS G894T have been shown to influence individual susceptibility to some phenotypes of congenital heart disease (CHD) in different populations. We conducted a case-control study comprised of 945 CHD patients and 972 non-CHD individuals in a Chinese population. Two functional single nucleotide polymorphisms (SNPs) (T-786C: rs2070744 and G894T: rs1799983) and one tagging SNP (rs7830) were evaluated in our study, and we assessed their association with the risk of CHD. Compared with the rs7830 CC/AC genotypes, the eNOS rs7830 AA genotype showed a significantly increased risk of CHD (adjusted odds radio (OR) = 1.45, 95% confidence interval (CI = 1.13-1.85). A stratified analysis was performed and showed that the association between the rs7830 AA genotype and CHD risk was stronger in patients with perimembranous ventricular septal defects (adjusted OR = 1.62, 95%CI = 1.20-2.20). Our results suggest that the eNOS rs7830 polymorphism may contribute to the susceptibility of sporadic CHD in a Chinese population.
INTRODUCTION
Congenital heart disease (CHD) is the most common type of birth defect and noninfectious disease. The prevalence of this disease is approximately 6-8 in 1000 live births (Hoffman and Kaplan, 2002) and 1 in 10 still-borns, accounting for 25% of all human congenital abnormalities. The majority of CHD cases with monogenic inheritance is associated with non-cardiac malformations, and thereby constitutes a syndromic form of CHD. In contrast, most cases of CHD occur sporadically and present as a non-syndromic form (Bruneau, 2008) . Although considerable effort has been made to detect the cause of CHD, few risk factors have been identified to date. The sporadic form of CHD is traditionally explained by a multifactorial inheritance model, which involves a multitude of susceptibility genes (Olson, 2004) . Therefore, more evidence of CHD susceptibility genes is needed, especially with respect to low-penetrance susceptibility genes (common variants) .
NO is a universal signaling molecule that is synthesized from L-arginine by a family of NO synthase (NOS) enzymes. There are at least 3 isoforms of NOS: neural NOS (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS) (Bloch et al., 1999) . The endothelial isoform was originally identified in endothelial cells. eNOS is prominently expressed during the early stages of cardiogenesis, and plays an important role in normal heart development (Bloch et al., 1999; Feng et al., 2002) .
The human eNOS gene is located on chromosome 7q35-q36 and contains 26 exons with a full length of 21 kb. The eNOS/T-786C (rs2070744) variant is located in the 5ꞌ-flanking region and is suggested to be essential for promoter activity (Karantzoulis-Fegaras et al., 1999) . Using a reporter gene, Miyamoto et al. (2000) revealed that the T/C substitution in position -786 in the promoter region reduced the transcription activity of eNOS by approximately 50%, which was suggested to be due to the change in the binding activity of protein A1. Another polymorphism, G894T (rs1799983), in exon 7 of eNOS corresponds to a Glu/Asp substitution (Glu298Asp). The eNOS G894T polymorphism is associated with reduced basal NO production (Veldman et al., 2002) . Senthil et al. (2005) demonstrated that endothelial cells exhibited genotype-dependent eNOS expression and enzyme activity for the eNOS G894T variant in an in vitro cell culture model. The polymorphism rs7830 is situated within intron 23. It was speculated that this transversion might lead to aberrant splicing of the primary eNOS gene transcript (Gluba et al., 2009) . Therefore, we selected two potentially functional single nucleotide polymorphisms (SNPs) (rs2070744, rs1799983) and one tagging SNP (rs7830) of eNOS to evaluate the relationship between eNOS polymorphisms and CHD in Chinese subjects. 
MATERIAL AND METHODS

Study population
This study was performed under full compliance with all governmental policies and the Helsinki Declaration. All blood samples were obtained legally from the Affiliated Hospitals of Nanjing Medical University (NJMU), and were used only for research purposes. Since the participants were children, written informed consent was obtained from their next of kin or guardians. The protocol and consent forms were approved by the Institutional Review Board of NJMU, Nanjing, China. Nine hundred and forty-five affected children with sporadic CHD, confirmed by cardiac surgery, and 972 unrelated healthy individuals were included in this case-control study. Subjects for the study were recruited from the Affiliated Nanjing Children's Hospital of Nanjing Medical University, Nanjing, China, between March 2009 and December 2011. Potential study subjects were first surveyed at the clinics using a short questionnaire to determine their willingness to participate in a research study, and then demographic information was obtained through a face-to-face interview. After the interview, 4 mL venous blood was collected from each patient or control subject. Patients with other congenital disorders or known chromosomal abnormalities were excluded from the study. Exclusion criteria for mothers included maternal diabetes mellitus, phenyl ketonuria, maternal teratogen exposure, or maternal therapeutic drug exposure during the intrauterine period. These exclusion criteria were necessary since all of these factors can increase the risk of congenital anomalies. Control subjects were non-CHD outpatients from the same geographic area, who were age-and gender-matched to the CHD patients. They were recruited from the same hospital during the same period, and most had a diagnosis of trauma or infection. Controls with any congenital anomalies were excluded. All subjects were genetically unrelated ethnic Han Chinese.
Genotyping
Genomic DNA was extracted from peripheral blood leukocytes by using the DNA Mini Kit (QIAGEN, NED). Genotyping was performed using the multiplex SNaPshot technique. For rs1799983, the polymerase chain reaction (PCR) primers were 5'-AGATGAAGG CAGGAGACAGTG-3' (forward) and 5'-TCAATCCCTTTGGTGCTCACG-3' (reverse). For rs2070744, the PCR primers were 5'-TGGGAACTGTAGTTTCCCTAG-3' (forward) and 5ꞌ-AATTTCCTGGAACCCCCACAC-3' (reverse). For rs7830, the PCR primers were 5ꞌ-TGCCCTCTCTTTCCTATTTCC-3' (forward) and 5'-CAAAGGGGACCTGATGGAGTG -3' (reverse). The purified extension products were run on an ABI3130XL system according to manufacturer instructions (Applied Biosystems, Foster City, CA, USA). The results were analyzed using GeneMapper 4.0 (Applied Biosystems). Approximately 10% of the samples were randomly selected for confirmation, and the results were 100% concordant.
Statistical analysis
Differences between the CHD patients and control subjects in the distributions of demographic characteristics, selected variables, and frequencies of genotypes of the three polymorphisms were evaluated using the Student t-test (for continuous variables) or the χ 2 test (for categorical variables). The associations between the genotypes and risk of CHD were estimated by computing odds ratios (ORs) and their 95% confidence intervals (CIs) from unconditional logistic regression analysis, with adjustment for possible confounders. The genotype frequencies of these three polymorphisms among controls were all in agreement with Hardy-Weinberg equilibrium (P = 0.074 for T-786C; P = 0.505 for G894T; P = 0.115 for rs7830). We controlled for the potential influence of multiple comparisons using the false-discovery rate method. P < 0.05 was considered to be statistically significant, and all statistical tests were two-sided. All statistical analyses were performed using the SAS 9.1.3 software (SAS Institute, Cary, NC, USA).
RESULTS
Characteristics of the study group
The characteristics of the CHD patients and control subjects included in the analysis are summarized in Table 1 . We found no statistically significant differences between the CHD patients and controls in age or gender (P = 0.606 for age and P = 0.558 for gender). Among the 945 CHD patients, 195 had cyanotic heart disease, 645 were diagnosed with a septation defect, 57 had patent ductus arteriosus (PDA), and 25 had a left-sided outflow obstruction defect. 
Associations between eNOS polymorphisms and risk of CHD
The observed genotypes and allele frequencies for CHD and controls are shown in Table 2 . The distributions of eNOS rs7830 genotypes differed significantly between CHD and controls (P = 0.012, P trend = 0.016). Logistic regression analysis revealed that the eNOS rs7830 AA genotype, but not the AC genotype, was associated with a significantly increased risk of CHD compared with the CC genotype (P = 0.005, adjusted OR = 1.48, 95%CI = 1.12-1.94). Furthermore, in a recessive model, the eNOS rs7830 AA genotype was significantly associated with an increased risk for CHD compared to the rs7830 CC/AC genotype (adjusted OR = 1.45, Genetics and Molecular Research 13 (2): 3805-3811 (2014) eNOS polymorphism and CHD 95%CI = 1.13-1.85). However, the distributions of the eNOS G894T and T-786C genotypes were not significantly different between CHD patients and controls. 
Stratified analysis of the eNOS rs7830 polymorphism and the risk of CHD
We next evaluated the effect of the rs7830 polymorphism on CHD risk after the patients were stratified by specific CHD phenotypes. Since several patients had two or more types of cardiac defects, we chose only subjects showing a single phenotype. As shown in Table 3 , we observed an increased risk of perimembranous ventricular septic defect (VSD) in individuals with the AA genotype (adjusted OR = 1.62, 95%CI = 1.20-2.20). However, we found no association between the AA genotype and the risk of atrial septal defect (ASD), PDA, or tetralogy of Fallot (TOF). We also performed the same analysis for the eNOS T-786C and G894T polymorphisms, but no positive results were observed (data not shown). Adjusted for age and gender in logistic regression model. VSD = ventricular septic defect; ASD = atrial septal defect; PDA = patent ductus arteriosus. 
DISCUSSION
In this study, we observed that a significantly increased risk of CHD was associated with eNOS (rs7830) polymorphisms. When we evaluated the effect of the eNOS genotypes on CHD risk after the patients were stratified by specific CHD phenotypes, we found that the risk of VSD was significantly increased for individuals carrying the AA genotype compared with the A allele. These findings suggested that polymorphisms of the eNOS gene may contribute to the susceptibility of sporadic CHD. To our knowledge, this is the first report to evaluate the association of the eNOS rs7830 polymorphism with CHD risk in a Chinese population.
The eNOS enzyme is responsible for the production of NO, which modulates homocysteine concentrations by inhibition of 5-methyltetrahydrofolate-homocysteine methyltransferase, the enzyme that synthesizes methionine from homocysteine and 5-methyltetrahydrofolate. Several heart defects were observed in two eNOS knockout mouse models, including septal defects and bicuspid aortic valves (Lee et al., 2000; Feng et al., 2002) . In humans, some eNOS polymorphisms are associated with alterations in basal NO production. With respect to eNOS G894T polymorphisms, Shaw et al. (2005) observed a relationship between the embryonic eNOS 894T allele and a higher risk of conotruncal CHD in children. van Beynum et al. (2008) indicated that the eNOS G894T polymorphism was associated with increased risk of structural heart defects. Miyamoto et al. (2000) observed a 50% reduction in the eNOS transcription rate associated with the T/C substitution in position -786 of the promoter region. However, in the present study, no significant differences in the frequencies of genotypes or alleles of the G894T or T-786C polymorphisms were observed between CHD patients and healthy individuals. The discrepancies in the results of the present study and those of other studies might reflect differences in disease etiology and ethnic populations.
Polymorphism rs7830 is located in intron 23 of the eNOS gene. There are only a few studies addressing this polymorphism, and most have detected an influence on the risks of renal disease, hypertension, or glaucoma (Li et al., 2011; Liao et al., 2011) . In our study, we observed that the eNOS/rs7830 polymorphism might increase the risk of sporadic CHD in the Chinese Han population. It was speculated that this transversion might lead to aberrant splicing of the primary eNOS gene transcript based on the fact that a 5-nucleotide motif was generated that was identical to the original splice site. We next evaluated the effects of rs7830 genotypes on the risk of specific CHD phenotypes. For this analysis, we selected four subgroups: TOF, perimembranous VSD, ASD, and PDA. We found that the AA genotype was strongly associated with perimembranous VSD, but not PDA, TOF, or ASD. Congenital septal defects were also observed in an eNOS knockout mouse model. This may be attributed to the lower NO levels generated by eNOS locally, which may disturb the formation of heart septation. However, we did not find any association between the eNOS/rs7830 polymorphism and ASD. This could be attributed to the small sample size of isolated ASD patients.
Since we evaluated a hospital-based population, we could not avoid the possibility of selection bias of subjects that may have been associated with a particular genotype. Due to the low incidence of some phenotypes of CHD, we only chose four major phenotypes of CHD for our analysis of subgroups. For some rare phenotypes, the sample size was too small for an effective genetic association study. Therefore, our analysis of subgroups could not confirm the results for these anomalies. Since our results were based on significant associations between eNOS polymorphisms and the risk of CHD, the results do not establish a causal relationship for each phenotype of CHD, and should therefore be interpreted with caution. To validate our findings, additional functional studies are needed. Since our study was only conducted in a Chinese population, the results should be extrapolated to other ethnic groups cautiously.
CONCLUSIONS
In conclusion, we observed that a significantly increased risk of CHD was associated with the eNOS rs7830 polymorphism. Furthermore, we found that the association between genotypes of rs7830 and CHD risk was stronger in VSD subjects. Our results suggest that polymorphisms of eNOS may contribute to the susceptibility of sporadic CHD in the Chinese population. More detailed information about environmental exposure and gene-gene interactions are required to validate our findings.
